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. Nonetheless, and despite the lower range of variability for snow density relative to depth, it is widely recognized that snow density is subject to marked seasonal and intra-annual variability due to climatic variability (Meløysund et al., 2007; Jonas et al., 2009; Mizukumi and Perica, 2010; Svomova, 2011) , and substantial spatial variability in response to factors including elevation gradients, exposure to solar radiation and wind, as well as the slope and landscape type (Onuchin and Burerina, 1996; Grünewald et al., 2010; Sturm et al., 2010) . Thus, accurate and efficient SWE computation requires a sound estimation of the temporal and spatial variability of snow density at various scales, yet very few studies have attempted to quantify the within-site spatial variability of bulk snow density. Jonas et al.
(2009) reviewed studies carried out in the USA, Canada and Switzerland (Bray, 1973; Janowicz et al., 2003; Sturm and Liston, 2003; Kershaw and McCulloh, 2007) on snow density and SWE measurements involving samples taken 1−10 m apart, and reported that the variability in density was 7−23%.
In estimating SWE many studies have incorporated snow density variability, on the basis that bulk density is positively correlated to snow depth due to the weight of the overlying snow compacting the underlying layers (Kojima, 1966) . Lundberg et al. (2006) presented various equations that have been used to relate snow density to snow depth in studies of seasonal snow cover in Canada, Norway, the former USSR and the USA. They also reported a marked increase in the accuracy of SWE estimates based on densities computed using depth, rather than average densities calculated for entire drainage catchments. Jonas et al. (2009) used a set of regressions to calculate the SWE from snow depth for different months and elevations in Switzerland, and concluded that the error in SWE estimates using this approach was not greater than the variability of repeated SWE measurements at a single site. Sturm et al. (2010) applied statistical models based on Bayesian analysis to an extensive dataset for the USA, Canada and Switzerland. The predictor variables were snow depth and time of the year for the various snow climate regions. They found that 90% of the computed SWE values fell within ± 8 cm of the measured values. However, the relation between snow depth and density was not similarly robust at all sites, or for all times of the year and depth classes.
Thus, Jonas et al. (2009) reported pronounced variability around the fitted regression for the relation of depth to density in shallow snowpacks. Also, Pomeroy and Gray (1995) reported negligible covariance between these parameters in snowpacks shallower than 80 cm, and very small covariances for deeper snowpacks. Moreover, these studies were based on correlations observed at different times of the year in separated geographical settings. Thus the derived results are not necessarily applicable to snowpack sampled at a given time of the year and in a particular basin or slope.
In the snow seasons 2009−10 and 2010−11 we conducted four intensive field surveys of snow depth and density in the Tena and Portalet valleys, in Spain and France. The surveys were conducted in early February and mid-April in each year, with the aim of sampling typical winter and spring snowpacks. The main purpose of the study was to quantify the spatial variability of snow depth at the local scale (within areas of 1−2 km 2 ), and to investigate the potential causes of variability, including snow depth distribution and local terrain conditions (elevation, exposure to solar radiation, slope angle and terrain curvature). We investigated the use of regression models (linear, tree and generalized additive models) to predict the spatial distribution of snow density. The errors in densities computed using different models and their implications for estimating SWE were compared with those based on the widely-used procedure of applying average measurements of snow density to adjacent snow depths.
Snow surveys and measurement of snow density
The snow surveys were conducted in February and April of 2010, and repeated in 2011; they are henceforth referred to as F10 and A10, and F11 and A11, respectively. The 2009-2010 snow season was more cold and humid, and was considered a snowy winter. However, several days prior to the survey F10, there were rainfall events below 1800-1900 m a.s.l. The 2010-2011 snow season was dryer and warmer. The snowpack was thinner than the previous year although it was a "normal year" in terms of snow accumulation. However, the end of March and April was very warm and the snow melted quickly, with the disappearance occurring almost a month prior than in [2009] [2010] . Several days prior to the F11 survey, a heavy snowfall noticeably increased the snowpack, especially at lower elevations. In the weeks prior to the A10 and A11 surveys, the weather was warm; the snow grains rounded, the snowpack densified, and as a result had a high water content.
The measurement sites were selected randomly, and the number, location, and elevation range of measurements in each area varied for each survey, depending on snow conditions, the presence of snow and the risk of avalanches. Snow density was measured using a Snow-Hydro snow corer (Fairbanks, Alaska; Sturm et al., 2010) . We took particular care to avoid the potential inaccuracies associated with snow samplers, and prioritized measurement quality over the total number of samples collected. The snow corer was inserted into the snow until it contacted the ground, and the resulting snow core was removed, bagged and weighed (± 5 g). If no soil or vegetation was associated with cores sampled in this way, it is possible that the bottom of the snow core has been lost (Sturm et al., 2010) . This did not occur often in our study because the ground was generally not frozen and a plug of soil and/or vegetation was typically present. Another potential error in the use of snow samplers is the potential for snow to be pushed out of the path of the corer during its passage through ice layers, resulting in erroneously light samples. To avoid this problem we ensured that the snow core retrieved within the tube was never 5 cm shorter than the depth recorded by the sampler. Where we suspected that the lower part of the core had been lost or the snow had not properly entered the sampler, we dug a pit to control the introduction of the sampler into the snow, and extracted the sampler laterally, as recommended by Jonas et al. (2009) . A previous study carried out in the Pyrenees confirmed that bulk snow density estimates from snow samplers were almost identical to those obtained by sampling snow profiles using a wedge cutter in snowpits (Fassnacht et al., 2010) . This was consistent with the conclusions of Sturm et al. (2010) , who also used the Snow-Hydro sampler and attributed its accuracy in estimating snow density to its design and large cross-sectional area ( 2 ). In this study we replicated sampling at each of the sites until at least three density measurements differing by < 5%
were obtained. These were averaged to provide the estimate of density at a given location.
Statistical analysis
Snow density at each location was assessed for its correlation with snow depth and various terrain characteristics including elevation, exposure to solar radiation, slope angle and terrain curvature. These variables may be related to snow density as they can Model accuracy was assessed by cross-validation. This involved initial splitting of the data into a number of subsets (8 in this study). In turn, each subset was omitted and the model was fit to the remaining cases. The resultant equation was then applied to the omitted subset to calculate its predicted value (López-Moreno et al., 2010) . The SWE was calculated from the measured snow depth and the density obtained from the various regression models, which enabled assessment of the impact of the error in snow density calculation on the estimation of SWE. The error in density and SWE was quantified using the standardized mean absolute error, which was computed from the mean of the absolute differences between the calculated and measured density and SWE, divided by the mean of all measurements.
We also associated measurements of snow density to measurements of adjacent snow depth, a common procedure referred to as the double sampling strategy (Dickinson and Whiteley, 1972) . For this purpose we classified sampled points for each site and survey date into different sized groups from a cluster analysis using the distance matrix between all measurements as cases (see Fig. 3 for an example of classification of measurements into different numbers of groups). This allowed us to examine the effect of different numbers of snow density measurements on the distribution of density and SWE in a given area. We then took individual values of density for each group and associated these to the remaining depth measurements. This procedure was repeated for each group using all the measurements belonging to that group and provided the mean error for a different number of density measurements. As proposed by Steppuhn (1976) for the optimization of areal SWE, and as used in later experiments by Grünewald et al. Figure 4 shows the average and range of snow depth and density for each survey and at each site, and Table 1 provides statistics related to each survey. In all cases the variability of snow depth was much greater than that of snow density, although the spatial variability associated with the latter was marked. The coefficient of variation (CV) for snow depth was always > 0.28, reached 0.76 (F11 in Piedrafita), which was > 0.4 higher than that of the vast majority of sites and surveys. The survey carried out in F10 yielded the highest mean snow depth but the least spatial variability, but in F11 the opposite was observed (the lowest mean snow depth but the greatest variability). There was not a particular site that systematically exhibited the highest or lowest variability.
RESULTS

Spatial variability of snow depth and snow density
The CV for snow density ranged from 0.05 (A10 in Piedrafita) to 0.32 (F11 in Piedrafita), but in most cases CV was close to or > 0.1. The density was greater in April relation between mean snow density or depth and its coefficient of variation at any site.
As occurred for snow depth, the maximum or minimum CV in snow density was not consistently found at any particular site. The bivariate-correlation between snow density and the various topographic factors was also quite variable among sites and between surveys, as shown in Table 2 . Thus, the correlation was statistically significant between snow density and elevation at Piedrafita for all surveys. However, the correlation was positive for A10, F11 and A11 but negative for F10. In Portalet, elevation showed a significant positive correlation with snow density during F10, A10 and F11, but during A11 the correlation was not statistically significant. In B. Panticosa, the correlation with elevation was negative and statistically significant during F10 and F11, positive and statistically significant during A10, and there was no significant relation during A11. unaffected by other terrain characteristics. Although in some surveys the correlation coefficients also decreased when partial correlations were considered, the statistically significant bivariate correlation between snow depth and snow density was nonsignificant when the effect of terrain characteristics was considered. Table 3 shows the variables selected as predictors by the multiple linear regression models (stepwise selection), the coefficient of determination obtained for each model, and the resulting errors in density and SWE estimates. The errors in density and SWE estimates are also plotted in Figure 6A . Snow depth was introduced as a predictor in the regression models except in Panticosa and Portalet during A10 and A11. However, the magnitude and sign of the weighting coefficients for snow depth in the models differed markedly among sites and surveys. In some cases slope, radiation or elevation was selected as the only predictor, or they complemented snow depth in predicting the spatial distribution of snow density.
Correlation of snow density with snow depth and other topographical variables
With the exception of Portalet during F10 (r 2 = 0.62) and Piedrafita during F11 (r 2 = 0.79), the linear models explained < 40% of the variance in snow density variability.
The snow density predicted from linear models was associated with absolute errors of approximately 20% in several cases (Portalet during F10, Piedrafita during F11, and B.
Panticosa during F10, A10 and F11). In other cases the errors in density estimates ranged from 5-10% (all sites during A11, Piedrafita during F10, Piedrafita and Portalet during A10, and Portalet during F11). In general, the predictions of snow density were more accurate during April than February, and particular differences in accuracy were found when the three areas were compared. When the predicted density was used to estimate the SWE, the absolute errors ranged from 4.1 to 28.9% among sites and surveys. In 8 of the 12 combinations of site and survey, the error in SWE exceeded 10%. When the models considered interactions among variables (e.g. regression tree models) or non-linear relations (e.g. GAMs), the estimation of snow density or SWE did Table 3 and Figure 6B and 6C
show that the values of the standardized MAE for snow density and SWE estimations were generally higher when density was calculated using trees or GAMs than when linear regression models were used. Figure 7 shows the error in snow density and SWE estimates when we associated measurements of snow density with measurements of adjacent snow depth. For this analysis we classified the sampling points for each site survey into groups of different sizes using a cluster analysis based on the distance matrix among all measurements.
From Figure 7 it is evident that in most of the site surveys we can expect an average error of 5-10% ± 5% (1 standard deviation) in snow density and SWE estimates using this procedure. In some cases the error was much greater than 10%, as occurred with respect to density in B. Panticosa during F10 and Piedrafita during F11, and for SWE in B. Panticosa during F10 and A11, Piedrafita during F11 and A11, and Portalet during A11. Surprisingly, the accuracy in prediction of snow density and SWE did not clearly improve when the number of density measurements was enhanced. Thus, with an increase in the number of measurements from 1 to 10 the observed decrease in error estimates was marginal. When the density value obtained from the measurement location that exhibited the mean snow depth was associated with the other depth measurements of each group, we generally found that the error was very similar to or greater than the average error obtained from random resampling. In several cases the error exceeded the ± 1 standard deviation range (B. Panticosa during F11, A10 and A11;
Piedrafita during F11 and A11). Some of the results of this study concerning the spatial variability of snow depth and density are consistent with studies conducted in other geographical areas. We found that snow depth exhibited greater spatial variability than snow density, as reported previously (Dickinson and Whitely, 1972) . For most of the site surveys we found that the CV of snow depth ranged from 0.27 to 0.76, while for snow density it ranged from 0.05 to 0.32. In most cases (see Table 1 ) the difference in the variability in depth and density was similar to the four-fold dynamic range reported by Sturm et al. (2010) for a north Alaska dataset. The local scale variability we found in our 1-2 km 2 study areas in the Pyrenees (CV from 5 to 32%), where the mean distance between a measurement and its closest survey point was 112 m, is very similar to that reported in previous studies (7-23%) that analyzed within-site snow density variability using sample spacing of 1-10 m (Bray, 1973; Janowicz et al. 2003; Sturm and Liston, 2003; Kershaw and McCulloh, 2007; Jonas et al., 2009 ).
DISCUSSION
Although the surveys were conducted during only two snow seasons, the evolution of snow density appeared to follow a clear seasonal pattern involving a progressive increase in density of the snow pack from winter to spring, when the maximum density was observed. This is a consequence to the existence of persistent positive temperature at high elevation in March and April in both years (see We found no robust relations between snow depth and snow density at our study sites. On few occasions did the coefficient of correlation between depth and density exceed 0.5, but more importantly we found that the correlations were remarkably variable in both magnitude and sign between sites during a given survey, and between surveys at a given site. This result indicates that at small spatial scales and considering a particular time, it is not possible to find a robust relation between snow depth and density such as has been previously reported when more extensive datasets referred to multiple geographic locations and different periods of the snow season were used (Lundberg et al., 2006; Jonas et al., 2009; Sturm et al. 2010 ). Thus, the previous studies reported robust depth and density relations that varied throughout the season but tended to be location dependent. These relations enabled calculation of the SWE using only snow depth data, with errors very close to the expected variability associated with the measurement procedure (Jonas et al., 2009 Deems et al., 2006) . This correlation length is much finer than can be computed from the operational data . The variability of snow density at short distances is affected by additional factors such as the compaction effect of the overlying snow on the underlying snowpack, which is the main argument to explain the relation between snow depth and density. This variability can be due to several reasons, such as the Celsius. Thus, the snowpack was isothermal at all sites and the distribution of density was more regular. At this time, the relation between depth and density more similar to the trends reported in previous larger scale studies at (Jonas et al., 2009; Sturm et al., 2010) .
The marked variability in the correlations between snow density and snow depth or other terrain characteristics among sites and surveys showed that the linear regression models used to predict the spatial distribution of snow density were inadequate in terms of the selected predictor variables and their coefficients; in general these models explained only a small proportion of the variance. Furthermore, neither the use of a nonlinear regression model (GAM) nor assessment of the interactions among variables using regression tree models improved the snow density predictions. Further research should assess the adequacy of the resolution of the digital elevation model used to derive the terrain characteristics (20 m of grid size) on the accuracy of the models, as previous research suggests that density may vary at the meter scale (Fassnacht et al., 2010; Grünewald et al., 2010) . However, the use of digital elevation models at higher spatial resolutions is limited for many mountain areas and also it could be problematic due to georeferencing of the density measurements with respect to the usual accuracy of the most commonly used GPS systems (2-10 meters of accuracy). Since the spatial variability of snow density was much less than that of snow depth, the inability to adequately predict the spatial distribution of snow density had only a moderate effect on the estimates of SWE in each site survey. Thus, linear models provided standardized absolute errors ranging from 4.1 to 28.2%, and in 9 of the 12 combinations of site and survey the error was less than 15%. In the absence of a large number of density measurements, the association of density measurements with adjacent snow depths has been reported to be a reliable procedure for estimating SWE (Sturm et al., 2010) . In most cases we found the average error ranged from 5 to 15%, with an uncertainty of approximately 5% ± 1 standard deviation. The use of the snow density measured at the mean snow depth in the survey or a subset of the survey (Steppuhn, 1976) was not found to improve the areal estimation of SWE. This was a consequence of the inconsistent relation between snow depth and density in our dataset. 
CONCLUSIONS
Four surveys conducted at three 1−2 km 2 sites in a Pyrenean valley revealed that snow depth variability was much greater than the variability in snow density. Thus, the CV of snow depth ranged from 0.27 to 0.76, whereas for snow density it ranged from 0.05 to 0.32. The snow density in April was much greater than in February. The spatial variability of snow density was greater among sites in February (values ranged from 0.07 to 0.32) than in April, when the variability was less and more consistent among sites and surveys (values ranged from 0.05 to 0.09). Snow depth is generally statistically correlated with density, but in this study the correlation coefficients were generally low, and the magnitude and sign of the correlations were highly variable amongst sites and 
